Philopatry can arise from lack of a suitable territory (ecological constraints hypothesis) or a potential mate (limited mate hypothesis) outside the natal area. We tested predictions from these hypotheses by creating territorial vacancies with and without potential mates for female prairie voles (Microtus ochrogaster). Standard mark-recapture techniques were used to determine group composition and residency before and after removals. Either all adults, all adult females, or no animals were removed from 1 group within each enclosure. Territorial vacancies stimulated rapid immigration of adult female prairie voles. The presence of adult male(s) on the territory resulted in an intermediate amount of immigration compared to vacant and control territories. Immigrants arrived from neighboring groups more often than expected, suggesting that proximity to territorial vacancies affected replacement. The patterns of immigration observed in this study were more consistent with the ecological constraint hypothesis than with the mate limitation hypothesis.
As individual mammals mature, they have the option of dispersing and breeding independently or delaying dispersal and remaining philopatric (i.e., at the natal nest or territory). Two of the mechanisms proposed to explain the occurrences of delayed dispersal are ecological constraints and mate limitation (Brown 1974; Emlen 1982; Koenig and Pitelka 1981; Selander 1964) . The ecological constraint hypothesis proposes that individuals delay dispersal due to some limiting factor (Selander 1964 ) such as suitable territories, which can result from high population density. In habitats where all suitable territories are occupied and dispersal is delayed, territorial vacancies should elicit intense competition and result in rapid replacement of prior residents (Komdeur 1992) . The mate limitation hypothesis proposes that individuals fail to emigrate because potential mates are scarce, possibly due to skewed sex ratios (Komers 1996; Marra and Holmes 1997; Pruett-Jones and Lewis 1990) . Thus individuals that cannot acquire mates should remain at their natal nest until a mating opportunity arises.
Although these hypotheses have been examined experimentally in two avian studies (Pruett-Jones and Lewis 1990; Zack and Rabenold 1989) , there are few previous small-scale removal experiments that determine how territorial vacancies influence dispersal and territorial acquisition in small mammals. Removal of a breeder increased philopatry of opposite-sex offspring in animals such as Antechinus and white-footed mice, Peromyscus leucopus (Cockburn et al. 1985; Wolff 1992) or resulted in immigration by nonresidents that in some cases bred (red squirrels, Tamiasciurus hudsonicus- Boutin et al. 1993 ; pine voles, Microtus pinetorum- Solomon et al. 1998 ). None of the previous studies simultaneously tested both ecological constraint and mate limitation hypotheses, making it difficult to distinguish between these 2 possible explanations for immigration into vacant territories (see also Marra and Holmes 1997) .
In the current study, we investigated the effects of territorial vacancies and potential mates on immigration in female prairie voles, Microtus ochrogaster. Prairie voles are socially monogamous, at least in part of their range (Dewsbury 1981; Getz and Carter 1980; Getz et al. 1981; Thomas and Birney 1979) . They live in social groups containing parents and offspring from 1 or more litters. In an unmanipulated population in east-central Illinois, prairie voles were highly philopatric, with 70% of males and 75% of females remaining in their natal group for their entire lifetime . Males and females dispersed at approximately 46 and 53 days of age, respectively . Although group members are territorial and aggressively attempt to exclude unfamiliar individuals (Getz and Carter 1980; Getz et al. 1981 Getz et al. , 1993 ; McGuire et al. (Getz and McGuire 1997) .
Prairie vole territories contain shallow underground nests and surface nests with extensive aboveground runway systems from which voles forage (Davis and Kalisz 1992; Mankin and Getz 1994) . It is uncertain how costly such structures are to build and maintain, but the cost of burrow construction might constrain emigration in other species of rodents (mole rats Lovegrove 1989; pine voles-Powell and Fried 1992) . Acquisition of a preexisting burrow might be a greater constraint on dispersal when population densities are high because all quality territories might be occupied (Cochran and Solomon 2000; Solomon and Getz 1997) .
If prairie voles are philopatric as a result of ecological constraints, then the creation of territorial vacancies should release this constraint, elicit exploratory behavior or visitation into the removal area, and increase immigration to the area. If individuals are competing to fill vacancies, then individuals should immigrate from nearby nests (McCarthy 1997; Waser 1985) . On the other hand, if prairie voles are philopatric as a result of limited mating opportunities, then only the creation of territorial vacancies containing potential mates should relax this constraint (Pruett-Jones and Lewis 1990), resulting in increased visitation, and immigration into the territory.
MATERIALS AND METHODS
Study area.-This experimental manipulation was conducted at the Ecology Research Center of Miami University, Oxford, Ohio (398309N, 888449W), from July through December 1995, in six 0.1-ha enclosures constructed of 20-gauge galvanized steel extending 45 cm below-and 60 cm aboveground. These enclosures were plowed and seeded in 1994 with a mixture of bluegrass, Poa pratensis (75%), clover, Trifolium (10%), fescue, Festuca (5%), timothy grass, Phleum (5%), and ryegrass, Elymus virginicus (5%). Vegetation was sampled in July 1995. The amounts of monocots, dicots, and cover (in g dry wt/ 0.25 m 2 ) were not significantly different among enclosures (Cochran and Solomon 2000) .
Procedures.-In early spring, all rodents were removed from experimental enclosures using standard livetrapping techniques. Four months prior to the start of the experimental manipulation, in March 1995, 5 male and 5 female adult prairie voles were released into each enclosure, creating a moderate to high density for this species (Gaines et al. 1979; Getz et al. 1987) . Based on previous research, a prairie vole home range in enclosures this size is 100 m 2 (Jike et al. 1988 ), so each enclosure could easily contain 4-5 social groups.
Nests of reproductive females were located by visual inspection or by powder-tracking (Lemen and Freeman 1985) . When a reproductive female was trapped, we dusted her with ultraviolet reflective powder (Radiant Color Co., Richmond, California) and followed her UV reflective trail to her nest using a portable ultraviolet light (Longwave Ultraviolet Lamp, UVP Inc., Fisher Scientific, Pittsburgh, Pennsylvania). After locating a nest, we placed 3-7 Sherman live traps (H. B. Sherman Traps Inc., Tallahassee, Florida) near nest entrances and on surface runways. Nest traps were set 2 days each week, for 3 consecutive weeks, and checked early in the morning and then at approximately 4 h intervals throughout the day (8 trap checks each week). Traps were baited with cracked corn (a low quality foodDesy and Batzli 1989), and standard trapping data (individual identification, trap location, sex, body mass, and reproductive condition) were collected from captured voles. Animals were classified as juveniles if ,20 g, subadults if 21-29 g, and adults if .30 g (Cochran and Solomon 2000; Gaines et al. 1979) .
Voles were classified as residents of a group if they were trapped at least once each week and .75% of their captures were at a single nest, or as wanderers if they were captured at least once each week and ,75% of their captures were at a single nest (Cochran and Solomon 2000) . These criteria were similar to those of Getz et al. (1992) , who assigned residency to individuals trapped primarily at a given nest for 10 consecutive days. Voles captured less than once per week were not classified (see also Cochran and Solomon 2000) . Group composition (group size, sex ratio, and age structure) was determined every month after residency was determined for each nest. Thus, group composition was determined prior to the 1st set of removals and during the 3 week period following each set of removals. All focal groups were mixedsex groups with at least 3 adults prior to removals.
Removals were conducted every 3 weeks beginning in late July. We used an experimental design similar to that of Pruett-Jones and Lewis (1990) . During each of 6 removal periods, 1 randomly selected group within each enclosure received 1 of 3 possible treatments: all adults were removed, all adult females were removed, or the group was left intact as a control. All focal individuals were removed within a 24 h period. Only 1 manipulation was conducted within each enclosure during each removal period to prevent possible confounding interactions among treatments. No group was used more than once during the study. Within each enclosure, all 3 treatments were performed in random order with the stipulation that during any given removal period each treatment was replicated twice. Over the course of the study, 6 removals were performed within each enclosure. Because there were 3 treatments and 6 removal periods, this resulted in 12 replicates per treatment.
For analysis, visitation was quantified as the number of nonresidents captured at the nest of the focal group. Any nonresidents (i.e., residents of other groups or wanderers within the population) captured at focal groups were considered to be visitors. We defined immigrants as new individuals that became established in focal groups during the 3 weeks following removals (captured at least 1 time each week and .75% of their captures at that nest). For analysis, we compared the number of immigrants among treatments. We used the latency from removal until initial capture of immigrants as a measure of how rapidly immigrants dispersed into focal groups.
Spearman's rank correlation was used to determine if group size prior to removal or the number of individuals removed were related to group size at the end of the 3 week period following removals. To determine whether proximity to other groups influenced visitation and immigration, we measured the distance from the focal groups to all other groups within the enclosure. Because the distances to groups varied among enclosures, these distances were ranked in order of increasing distance. The ranked distance that visitors and immigrants moved to focal groups was tested against a Poisson distribution because the a priori expectation was that visitors and immigrants would arrive from nearby groups (Sokal and Rohlf 1981) . Therefore, for the analysis, we compared the observed rankings (for 6 categories for distance) and expected values calculated from the Poisson distribution.
Most results from this experiment were analyzed using analysis of covariance (ANCOVA; Sokal and Rohlf 1981) . We used population density within an enclosure at the time of removals as the covariate in analysis of number of female visitors to focal groups, number of female immigrants into focal groups, and time until immigration. Because trappability was high, population density was estimated using the minimum number known alive (MNKA ¼ number of animals captured at time t plus individuals captured before and after time t- Boonstra 1985) . If population density did not have a significant effect (with significance set at P , 0.05), it was removed from the model and results from the reduced model were presented. Bonferroni post-hoc tests were used to test for significant pair-wise differences between means (R. Schaeffer, pers. comm.). All results are presented as means 6 SE.
RESULTS
The trappability of voles, estimated as the proportion of the population captured in a given week, was high throughout the study, averaging 0.79 6 0.01 for the 6 enclosures. Population densities changed through time within all enclosures (F ¼ 3.68, d.f. = 18, 90, P , 0.0001). Vole populations increased to high densities between March and July. Densities leveled off in midJuly (712 6 41 voles/ha) and increased slowly through late October (802 6 71 voles/ha). After October, densities declined in all enclosures.
At the beginning of the experimental manipulation in July, the number of prairie vole groups within an enclosure was 5.0 6 1.5 (range 2-7) and group size was 5.8 6 1.1 (3-16) individuals. Throughout the study, the establishment of new groups and fissioning of established groups resulted in an increased number of groups within all enclosures. During the study, the number of prairie vole groups within an enclosure was 8.1 6 0.4 (4-13) and the size of groups was 5.1 6 0.2 (3-16) individuals.
Group size prior to manipulation (Spearman rank correlation: r s ¼ 0.05, n ¼ 36, P ¼ 0.19) and the number of individuals removed from a group (Spearman rank correlation: r s ¼ 0.06, n ¼ 36, P ¼ 0.16) were not significantly correlated with group size 3 weeks following manipulation.
Visitors to focal groups were most often wanderers, animals that were trapped at more than 1 nest (61%, 75 of 123 visits); residents of other groups visited to a lesser extent (39%, 48 of 123 visits). Visitors that were residents of other groups came from distances that did not differ from a Poisson distribution (v 2 ¼ 8.84, d.f. ¼ 5, P ¼ 0.12; Fig. 1b ). The number of female visitors following removals was relatively low, 1.7 6 0.3 females per group. The number of female visitors to focal groups was not influenced by population density or treatment (ANCOVA: F ¼ 2.49, d.f. = 2, 27, P ¼ 0.10).
Immigrants were mostly adults (98%); some were residents of other groups (30%), some had been captured infrequently (,1 capture/week, 27%), and others were unmarked (43%). Immigrants that were known to have been residents of other groups were derived from nearby groups more often than expected by chance (v 2 ¼ 12.71, d.f. ¼ 5, P ¼ 0.03), suggesting that individuals that were residents of other groups tended to immigrate into nearby groups (Fig. 1a) . The number of female immigrants was significantly affected by treatment (ANCOVA: F ¼ 3.55, d.f. = 2, 27, P ¼ 0.04). More females immigrated into groups with all adults removed than into intact groups (Fig. 2) . The number of immigrants entering groups where only females were removed and potential mates were present was intermediate but did not differ statistically from the numbers of immigrants entering intact groups.
The time required for females to immigrate into vacancies was not influenced by treatment (F ¼ 2.22, d.f. = 2, 20, P ¼ 0.13). Immigration was rapid in many cases with 41% (12 of 29) of female immigrants moving into focal groups within 24 h following removals. Overall, the time required for immigrants to appear in prairie vole groups was 4.6 6 0.7 days. The time until females immigrated into focal groups was not affected by population density (ANCOVA: F ¼ 2.49, d.f. = 2, 27, P ¼ 0.10).
DISCUSSION
The creation of territorial vacancies affected movement of female prairie voles. Immigration increased in response to FIG. 1.-Number of residents of other groups that a) immigrated into and b) visited prairie vole groups following removals. Immigrants and visitors were ranked according to their distance from focal groups; those with the lowest rank were the closest. These rank-ordered distances traveled by immigrants did not fit expected values generated from a Poisson distribution; voles moved shorter distances than predicted (n ¼ 35). However, the distances traveled by visitors did fit a Poisson distribution (n ¼ 48).
vacant territories as compared to unmanipulated control territories. Territories with potential mates present elicited an intermediate response that did not differ from the response to control territories. If a potential mate was necessary to elicit immigration, females would have moved onto territories where males, but not females, were present significantly more frequently than onto vacant territories. Our results were more consistent with the ecological constraint hypothesis than the mate limitation hypothesis. Females moved onto territories without adult female conspecifics without regard to presence or absence of potential mates.
We expected female spacing and movement to be influenced by territorial vacancies. The reproductive success of female arvicoline rodents largely depends on their ability to gain access to food and a secure nest site in which to raise pups, which in turn are often linked to obtaining a territory (Emlen and Oring 1977; Ims 1988; Ostfeld 1985 Ostfeld , 1986 Wolff and Peterson 1998) . Previous studies suggest that there might be some degree of conflict over reproduction, which could result in lack of successful reproduction by subordinate females (Brant et al. 1998; Getz et al. 1983; Keller and Reeve 1994) . Thus, these females would need a territory without any same-sex conspecifics for successful reproduction. Furthermore, females might avoid other conspecifics to prevent infanticide (Carter et al. 1986; Ebensperger 1998; Wolff and Peterson 1998) .
Immigration into territories with potential mates was intermediate between immigration into vacant and control territories, suggesting that the presence of a resident adult male is not critical to induce immigration of females. Females were probably not mate-limited, even on territories initially without males, because some males wander through multiple territories (Getz and McGuire 1997; Solomon and Jacquot 2002) . Furthermore, some males also immigrated into experimentally created vacancies and this might have influenced movement of females. Thus, although our data support the hypothesis that ecological constraints limit dispersal and show that the presence of a potential mate is not critical, we cannot definitively rule out the possibility that the availability of potential mates in the population affects movement.
Contrary to our predictions, territorial vacancies did not influence the number of visitors to focal groups nor the time required for immigrants to become residents in focal groups. Although individuals were not observed to visit groups before they became residents of that group (Getz and McGuire 1997) , nest visitation by adults is known to occur during the breeding season (McGuire and Getz 1998; McGuire et al. 1990 ). If conspecifics can continually monitor other groups, they would be aware of newly created vacancies. Therefore, there might be no reason for increased visitation when vacancies do occur.
Territorial vacancies were filled quickly, within several days, suggesting that immigrants became aware of vacancies very quickly and that they likely were constrained from switching groups prior to removals. Rapid responses to territorial vacancies also are consistent with the ecological constraint hypothesis. Similar results were found in a removal study in which female pine voles responded to vacancies . Avian immigrants became established even more rapidly, sometimes responding within min or h after the creation of territorial vacancies (Hannon et al. 1985; PruettJones and Lewis 1990; Russell and Rowley 1993; Smith 1978; Stutchbury and Robertson 1987; Zack and Rabenold 1989) .
Because immigrants were primarily adults and trappability was high during the study, we assume that animals classified as immigrants had dispersed into the experimentally created vacancies and had not been previous residents of focal groups (see also Solomon et al. 1998) . A number of immigrants had not been previously classified as residents; these were likely to be wanderers (Getz et al. 1993, Solomon and Jacquot 2002) , which are similar to ''floaters'' found in some avian systems (e.g., Smith 1978; Stutchbury and Robertson 1987) . Wanderers are not simply a byproduct of high population densities or of enclosed populations, because wanderers also are found in lower density (,100 voles/ha), unenclosed prairie vole populations (Getz and McGuire 1997; Getz et al. 1993 ). However, wanderers were not the only individuals to fill vacancies; in some cases, nearby residents also responded to these vacancies (see also Sol and Senar 1995) . This suggests that local residents can shift to vacant or higher quality territories when opportunities arise. Coyotes, Canis latrans, are able to usurp a portion of another pack's range after the death of the dominant male (Gese 1998) , and female stripe-backed wrens (Campylorhynchus nuchalis) immigrate into neighboring groups after the death of a female breeder (Yaber and Rabenold 2002) .
Familiarity with both the immediate area and with conspecifics can provide a competitive advantage in obtaining breeding vacancies (Balshine-Earn et al. 1998; Field et al. 1998; Smith 1987; Stamps 1987; Stamps and Krishnan 1998; Walters et al. 1992; Yaber and Rabenold 2002; Zack and Rabenold 1989) . In this study, residents that immigrated into vacancies tended to disperse from nearby nests rather than from more distant territories; movement from nearby nests is predicted when competition for vacant territories occurs (McCarthy 1997; Waser 1985) . Neighbors are likely to be familiar both with the area, possibly through forays to other territories (McGuire and Getz 1998; Reed et al. 1999 ) and with other individuals.
In conclusion, immigration of female prairie voles was significantly higher in response to vacant territories as compared to unmanipulated territories. There was no significant difference between immigration into territories with potential mates and vacant territories, suggesting that females will immigrate into a vacancy even if no potential mate is present. Thus, the hypothesis that females respond to available resources (Ims 1987; Ostfeld 1985) , a vacant territory, was supported. The ecological constraint hypothesis provided the best explanation for delayed dispersal in female prairie voles.
